Three hypotheses concerning the movement and retention of anions in forest soils were tested in a series of laboratory and field studies on two Tennessee Ultisols with mixed deciduous forest cover and two Washington Inceptisols, one with deciduous (red alder ..41-IlIU ",bra Bong.) and one with coniferous [Douglas-fir, Pltudoiluga _1If.wii (Mlrb.) Franco) forest cover. The first hypothesis, that sulfate and phosphate retention was related to adsorption to free Fe and AI oxides, which were in tum related to soil parent material and degree of weathering, was not supported by results of laboratory and field studies. The young, relatively unweathered Washington Inceptisols adsorbed more phosphate and sulfate than the older, highly weathered Tennessee Ultisols, apparently because of greater amorphous (oxaiate-extractable) Fe and AI in the former. The second hypothesis, that NO; retention was governed primarily by biological uptake, was supported. Nitrate adsorption by soils in laboratory column studies was negligible, but subsequent field studies showed that tree uptake in field plots greatly reduced the leaching of applied NO) in aU but the N-rich red alder plot. The third hypothesis, that inputs of mobile anions will reduce pH and concentrations of bicarbonate and adsorbing anions (e.g., sulfate), were supported by application of chloride as both acid and Na and Ca salts to soil columns in the laboratory. Sulfate concentration as well as bicarbonate concentrations in soil solutions were sensitive to solution pH.
Johnson, D.W.k-D.W. Cole, H. Van Miegroet, and F.W. Homg. 1986 . Factors anecting anion movement and retention in four forest soils. Soil Sci. Soc. N YE AND GREENLAND (1960) first suggested that leaching in forest soils is limited by a lack of mobile anions in the soil. According to this concept, leaching cannot occur without an anion (or anions) to maintain electrochemical neutrality in soil solution. Cole and Gessel (1965) and McColl and Cole (1968) first applied Nye and Greenland's concept to describe carbonic acid leaching in undisturbed, fertilized, and harvested conditions in a forest soil. Subsequent studies confirmed the important influence of anion pro-duction and mobility on nutrient leaching foll0wina harvesting, fire, fertilization, wastewater application, and atmospheric sulfuric acid inputs or "acid rain"
(reviewed by Johnson and Cole, 1980) . Among the major anions in soil solutions that can be involved in leaching processes, there are large differences in terms of their biotic and abiotic chemical reactions. The production and mobility of NO) is regulated almost entirely by biological processes (uptake mineralization, nitrification), while for phosphate and sulfate soil chemical processes are more important Anion adsorption (primarily to amorphous Fe and AI oxide surfaces) is a dominant mechanism for phosphate retention in soils and can be very important to sulfate mobility as well (Johnson and Cole, 1980) . Both of these anions can enter into "specific" adsorption reactions on hydrous oxide surfaces (Hingston et aI., 1967) in which anions enter into a coordination with a metal oxide and displace another anion (usually OH-). The latter is sometimes called ligand exchange (Hingston et aI., 1967) . Recent work by Rajan (1979) and Parfitt and Smart (1978) showed that ligand exchange is the dominant mechanism for SOa-adsorption onto Fe and AI hydrous oxides.
Anion adsorption sites lie on the surfaces of colloids, and these surfaces can have a plus, minus, or zero charge depending upon pH (Yopps and Fuerstenau, 1964) . At low pH, surfaces become positively charged because of H+ adsorption, and anion adsorption is enhanced. At high pH, surfaces become negatively charged because of H+ dissociation (or OHadsorption), and anions may be repelled.
Bicarbonate is somewhat unique in that its production and mobility are affected by both chemical and biological processes. Equilibrium equations show that bicarbonate concentration in any solution is regula~ by CO 2 pressure and pH. Carbon dioxide pre~sw:e IS in turn affected by soil microbial and root resl?traU0thn, soil porosity, soil moisture content, and soil dep (Wesseling, 1962) . Soil solution pH can be affected by base saturation, the presence of buffering agents (SUCil~ as organic acids), and the ionic strength of the so solution (Reuss, 1978; . The relationships bebe tween base saturation, ionic strength, and pH can seen from a generalized selectivity coefficient ~at describes the exchange of cations and H+ on caUon exchange sites (Stumm and Morgan, 1970 )
where Q = selectivity coefficient, () = exchange phaSe, [ 1 . = solution phase, C = cation, and r = valence of catIOn.
Solving for H +, we have
This equation shows that we can change soil solution pH by changing exchangeable (H +) or (Cr+) (e.g., by changing base saturation) or by changing solution cation concentration, [cr+] . Generally, the pool of exchangeable cations or H + per unit of soil is much greater than the pool of solution cations of H +. Thus, changes in base saturation are more difficult to produce and longer in duration than those in solution concentrations, and for our purposes it is useful to separate the two into long-and short-term effects.
Since chloride is relatively unaffected by either biotic or abiotic chemical reactions in soils, it normally leaches through soils without reaction. However, the input of any mobile anion (such as Cl-) should result in a short-term lower soil solution pH whether the anion is input as a salt or as an acid. This is because the concentration of cations [cr+ ] will be elevated concomitantly with the concentration of the introduced anion in soil solution, and this will in tum elevate [H+] according to Eq. [2] . In the case of an acid input, H+ will displace exchange cations, lowering base saturation, and in this way induce a long-term decrease in pH and total ionic leaching following the passage of the initial flux. In the case of a salt addition, there should be some H + displacement by incoming cations (by mass action), resulting in a long-term increase in base saturation, pH, and total ionic leaching following the initial flux. Thus, although Cl-(or any other mobile anion) itself may pass through the soil unaffected, it can have both short-and long-term effects on the mobilities of other anions and on total ionic flux.
As a result of the considerations outlined above, we constructed the following hypotheses concerning anion mobility in forest soils:
Hypothesis I:
The mobility of sulfate and phosphate in soil is related to the free Fe and AI content of the soil which, in turn, is a function of the original chemical composition of the soil and the degree to which it has been weathered.
Hypothesis II:
The mobility of NO) is controlled by biological uptake rather than abiotic chemical processes.
Hypothesis III:
Although mobile, biologically inactive anions such as CI-will pass through the soil unaffected, the additions of such anions as salts or acids will have both short-and long-term effects on soil solution pH and ?n the mobilities of other anions, thus effecting an lDcrease or decrease in net ionic flux from the soil.
These hypotheses were tested in a variety of laboratory and field experiments on two Ultisols with mixed deciduous forest cover in eastern Tennessee and two Inceptisols, one with coniferous [Douglas-fir, Pseudotsuga menziesii (Mirb.) Franco] and one with deciduous (red alder, Alnus rubra Bong.) cover in western Washington. Results of these tests are summarized in this paper.
SITES Walker Branch Watershed, Tennessee
Walker Branch Watershed is situated in the ridge and valley physiographic province near Oak Ridge, TN (Grigal and Goldstein, 1971) . The climate type is humid mesothermal with moderate summer and winter temperatures. Mean annual temperature is 14.3°C and precipitation averages lSI cm/yr, mostly as rain (Henderson et aI., 1977) . Soils of the watershed are primarily Ultisols derived from Knox dolomite, a cherty, dense to coarsely crystalline rock oflate Cambrian to early Ordovician age. Soil coarse fractions consist of chert, Fe-Mn nodules, and quartz. Clay fractions consist primarily of kaolinite with lesser amounts of vermiculite, hydrous micas, and quartz, (Peters et aI" 1970) . In a nearby site with similar parent material, Lee et al. (1984) concluded that kaolinite was weathering to AI hydroxy-interlayered vermiculite in surface horizons.
The chestnut oak (Quercus prinus L.) stand on Walker Branch is located on a ridgetop on the Fullerton series soil, a Typic Paleudult. Coarse fragments range from 30% in E horizons to 17 to 18%, in Bt horizons and clay content ranges from 3 to 12% in E horizons to 40 to 50% in Bt horizons (Peters et aI" 1970) . Vegetation type is chestnut oak, described by Grigal and Goldstein (1971) . Species consist primarily of chestnut oak, hickory (Carya spp.), red maple (Acer rubrum L.), white oak (Quercus alba L.), black oak (Q. velutina Lam.), blackgum (Nyssa sylvatica Marsh.), sourwood (Oxydendrum arboreum L.), and yellow-poplar (Liriodendron tulipifera L.), with occasional dogwood (Cornusflorida L.) and northern red oak (Q. rubra L.). Understory is absent.
The yellow-poplar stand is located in a sinkhole depression on the Tarldin series soil, a Typic Fragiudult. Coarse fragments range from 7% in Ap horizons to 12 to 17% in Bt horizons and clay content ranges from 4 to 7% in Ap horizons to 12 to 17% in Bt horizons (Peters et aI., 1970) . Vegetation type is yellow-poplar, described by Grigal and Goldstein (1971) . Species consist primarily of yellow-poplar with occasional red maple, white oak, black locust (Robinia PSeudoacacia L.), persimmon (Diospyros virginiana L.), black cherry (Prunus serotina Ehrh.), and Carolina buckthorn (Rhamnus caroliniana D.C.). Understory consists of dogwood, occasional eastern red cedar (Juniperus virginiana L.), and Japanese honeysuckle (Lonicerajaponica Thunb.).
Thompson Site, Washington
The Thompson site is located in the western foothills of the Cascade Mountains near Landsburg, W A. The climate type is maritime with cool, dry summers, and wet, moderate winters. Mean annual temperature is 9.8°C and mean annual precipitation is 136 cm, most of which falls as rain between October and March. The soil at the study site belongs to the Alderwood series, a Dystric Entic Durochrept, and is composed ofloosely consolidated ablation till of varying depth over a compacted basal till. Brackett (1966) found a predominance of quartz and feldspar with lesser amounts of chlorite, plagioclase, and chalcedony in the very fine sand fraction of this soil. The predominant clay mineral was found to be vermiculite.
The research plots are located in a naturally regenerated 48-yr-old stand of red alder and in an immediately adjacent 48-yr-old plantation of Douglas-fir. The understory in the SOIL SCI. SOc. AM. J. , VOL. 50, 1986 -+-'" \O('I')('I')t'--ooo~o g::8~
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analyzed by atomic absorption, PO~-in the NH~/HO ex- -+-L-I of Cl -, NO), H 2 PO" as Na+ salts, and SO~-as and Ca2+, salts (using separate soil samples for each salt) were applied to 5-g air-dried, sieved «2 mm) soil in a mecbanical vacuum extractor (Concept Engineering, Inc.) at a I-b extraction time setting. Each column (2.5-cm diam by 13.2-cm length) was prepacked with I g of ash less filter pulp, and two columns were left without soils (as blanks). Adsorption or desorption of anions was calculated by disappearance or appearance of anions in the eluent solution (after accounting for interstitial water and blank adsorptiondesorption) as described by Johnson and Henderson (1979) . Calculated soil anion contents during adsorption studies included pretreatment soil anion previously determined as described above. Anion adsorption studies originally done with Na+ salts gave extremely variable results except in the case of phosphate. Sulfate adsorption was done again using Ca2+ salts with much more satisfactory results (i.e. , less variation and more differentiation among soils). No Cl -or NO) adsorption was noted in any soil, and thus only phosphate and SO~-adsorption results are shown here. A final test of Hypotheses I and II was made by setting up a column study to duplicate field Na + salt applications. Triplicate columns of the type described above were filled with 30-g samples of air-dried, sieved A and B horizon soils sampled before treatment from each salt-treated plot. The A horizon columns were pretreated with approximately 250 I'mol(-) each ofCl-, NO), H 2 PO;, and SO; as Na+ salts. (Actual input values as determined by outputs from columns without soil, varied from 235 JLmol( -) to 280 JLmol( -) per column). These columns were then leached with four 150-mL aliquots of distilled water, of which 75 mL was kept for analysis and 75 mL was leached through B horizon columns. All waters were analyzed for pH, HCO), H 2 PO;, SO~-, Cl-, NO) , and conductivity.
A second column study was set up to test Hypothesis III using !loils from the Fullerton and Douglas-fir control plots. The A and B horizon columns were set up as described above. Triplicate A horizon columns were leached with 4 150-mL aliquots of H 2 0, HCl, NaCl, and CaCI 2 , the latter at concentrations of 1.0 mmol( -) L -I. The B-horizon columns were leached with 75-mL of the 150-mL A-horizon leachates. All waters were analyzed for pH, HCO), SO~-, NO), H 2 PO; , Cl -, conductivity and Al3+ (the latter by atomic absorption).
Statistical analyses (standard deviation calculations, Duncan's mUltiple range test) were performed using SAS (SAS Institute, 1982) .
RESULTS AND DISCUSSION
With one exception (dithionite-citrate-extractable Fe [Fed] in the Fullerton Bt horizon), the Washington (Alderwood) soils were as high or higher in Fe and Al hydrous oxides than the Tennessee (Fullerton and Tarldin) soils (Table 1 ). This was especially so for oxalate-extractable Al (Al o ) where the Washington soils had 4 to 10 times greater contents than the Tennessee soils ( Table 1) . The Washington soils also had approximately 1.5 to 4 times greater oxalate-extractable Fe (Fe o ) contents and approximately two times greater surface soil dithionite-extractable Al (Ald) contents than the Tennessee soils (Table 1) .
The ratio Feo/Fed gives an index of the crystallinity of Fe hydrous oxides, which in turn provides an index of the degree of aging (Blume and Schwertmann, 1966) . According to this index, Fe hydrous oxides in the Washington soils are only slightly less crystalline than those in the Tennessee soils (Table 1) Keague and Day, 1966), but it is worth noting that these ratios are considerably higher for the Washington than for the Tennessee soils (Table 1) . McKeague and Day (1966) (Table 1) . For subsurface horizon Fee, the Fullerton soil was by far the highest and the other soils were about equal.
The phosphate and sulfate adsorption isotherms were very similar to one another in terms of relative curve positions and shapes for the various soils (Fig.  1) . For both anions, the A horizon adsorption capacities were (in decreasing order) Red alder> Douglasfir > Fullerton = Tarldin. In the B horizons, the capacities were Red alder> Douglas-fir = Fullerton> Tarldin. These patterns were most closely correlated with Ald and, to some extent, with Alo but not particularly well with Feo. Fed, Ale, or Fee (Table 1) . Johnson and Todd (1983) found that Fee was most closely correlated with sulfate adsorption among a variety of forest soils. On the other hand, Parfitt and Smart (1978) , in a more rigorous, mechanistic study, found that more highly crystalline Fe hydrous oxides (such as goethite and hematite) have lower sulfate adsorption capacities than less crystalline Fe hydrous oxides because of fewer singly-coordinated surface hydroxyl ions in the former. The results of the current study tend to support the view that highly crystalline Fe hydrous oxides are not particularly efficient at either sulfate or phosphate adsorption (in comparison, at least, to seemingly less crystalline Al hydrous oxides). This implies that Hypothesis I is false and leads to the alternative hypothesis that the most highly-weathered soils, with the most crystalline Fe and Al hydrous oxides, will have lower anion adsorption capacities than less weathered soils with lower Fe and Al hydrous oxide crystallinity.
The question remains as to the effect of organic matter. Some studies have shown that organic matter in- hibits phosphate and sulfate adsorption (Guar, 1969; Larsen et aI., 1959; Singh, 1984; Johnson and Todd, 1983) . Other studies have shown that organic matter may enhance phosphate adsorption (Harter, 1969; Singh and Jones, 1976) . Harter (1969) suggests that orthophosphate exchanges for OH-on organic matter as an initial reaction, following which Fe and AI complexes form. Singh and Jones (1976) found that organic matter low in phosphorus enhances orthophosphate adsorption, whereas the reverse is true for organic matter high in P. One possible explanation for these apparently contradictory results may be the inhibition of hydrous oxide crystallization by organic matter, as noted for Fe hydrous oxides by Schwertmann (1966) and Kodama and Schnitzer (1977) . This inhibitory effect may maintain greater soil anion adsorption capacity by maintaining higher levels of amorphous, noncrystalline Fe and AI hydrous oxides (Parfitt and Smart, 1978) . Counteracting this would FULLERTON TARKLlIII be the negative (blocking) effect of organic ligand adsorption on phosphate and sulfate adsorption (Struth and Sieling, 1950; Larsen, et aI., 1959; Singh, 1984) , making the situation quite complex. The negative effect of organic matter on Fe and AI crystallinity (as indexed by the Feo/Fe d and AI.JAI.s ratios) is evident in Table 1 , both between horizons of a soil and within similar horizons (e.g., B horizons) among all four soils. B horizon carbon contents, FeJ Fed and AIaI AId ratios all follow the pattern red alder > Douglas-fir> Tarklin > Fullerton; nearly the same pattern noted for sulfate and phosphate adsorption. Thus, we hypothesize that the blocking effects of organic matter on anion adsorption in this case are outweighed by the enhancing effects of maintaining noncrystalline Fe and AI hydrous oxides. The results of both the laboratory column and field salt application studies corroborated the results of the adsorption isotherms. The red alder soil retained the Table  2 ). Phosphate adsorption apparently caused net desorption of native soil sulfate from A horizons of salttreated soils, both in laboratory column and field studies ( Fig. 2 and Table 2 ). There also was a net sulfate release from all but the red alder B horizon in the column studies, apparently a result of phosphate inputs from A horizon leachates (Fig. 2) . In the red alder soil, B horizon columns showed a net retention of sulfate, presumably due to the lower phosphate inputs from A horizon leachates and the greater sulfate adsorption capacity of this soil. Both of the Washington Inceptisols retained applied sulfate in field studies, whereas neither of the Tennessee Ultisols did (Fig. 3) . After 2 yr (and approximately 280 cm of leaching), the red alder soil showed no net sulfate export (in excess of control plots) and the Douglas-fir soil showed a net export (in excess of control) of only 0.24 mol( -) m -2, or roughly 50% of applied sulfate (Table 2) . On the other hand, the Fullerton and Tarklin soils showed net exports (in excess of control) of 0.65 and 0.84 mol(-) m -2 (130 and 168% of applied sulfate) after only 130 cm ofleaching (Table 2) . (Annual leaching rates were lower in the Tennessee soils due primarily to higher evapotranspiration.)
Flux calculations in field lysimeter plots are subject to many uncertainties (one of which is the appropriate water flux to apply), and thus the apparent release of native soil sulfate from the Tennessee soils may have been an artifact. This was not the case in the laboratory column studies, however, where fluxes were accurately measured and clearly showed net sulfate release due to phosphate adsorption. In any case, the patterns of sulfate retention in B horizons in the field studies followed those of the adsorption isotherms, namely red alder> Douglas-fir> Fullerton > Tarklin.
Hypothesis II was supported by the results of the laboratory and field salt application studies. No net NO)" retention was observed in any ofthe soils in the column studies (Fig. 2) . The N-rich red alder soil showed a net release of NO)" in both the laboratory column and field salt application studies ( Fig. 2 and Table 2 ). This was likely due to release of native soil NO)" in the column studies (Fig. 2) and nitrification in excess of NO)" uptake in field studies (Van Miegroet and Cole, 1984) . In contrast, the NO)" applied to the N-limited Douglas-fir, Fullerton, and Tarklin plots in the field studies was almost completely retained in B horizons ( Table 2 ). The differences in NO)" mobility in laboratory vs. field studies in the latter soils appear to be due primarily to tree uptake because there was little net NO)" retention in the organic matter-rich surface horizons in the field studies ( Table 2 ). The possibility of microbial uptake in B horizons cannot be excluded, however.
Chloride was mobile in all soils in both laboratory ~nd field salt studies (Fig. 2 and solution pH. Thus, Hypothesis III was tested in a series of column studies on the Douglas-fir and Fullerton soils involving chloride applications as NaCl, eaCh, and HCI. The chloride application studies supported Hypothesis III in that inputs of chloride, as salt or acid, caused lowered pH, HCO)", and SO~-concentrations in leachates as compared to water applications ( Fig. 3  and 4) . The effects depended on the cation associated with chloride input, with the degree of effect being HCl > eaCh > NaCl > H 2 0. The HCl and, to a lesser extent, the eaCl 2 treatments also stimulated AI leaching (most markedly in the more acid Fullerton soil and more markedly in A horizons than in B horizons for both soils). No effects of chloride input on NO)" were noted, and no significant net retention or release of chloride was noted except for that accounted for from control (H 2 0-treated) columns. Phosphate was assumed to be a minor contributor to total anion concentration and, therefore, was not determined in this particular study.
Treatments with chloride caused reductions in the net export of bicarbonate and sulfate with the level of reduction being HCl > eaCl 2 > NaCI in most cases (Table 3) . No net change in chloride export could be detected, due in part to the large background chloride (and background Cl-variability) in chloride-treated columns. Nitrate export was low ( < 1 mmol/column) and not affected by treatment.
SUMMARY AND CONCLUSIONS
Laboratory and field studies tested hypotheses COncerning anion movement and retention in forest soils Two Ultisols (Fullerton and Tarklin series), both with deciduous forest cover in eastern Tennessee, and two Inceptisols (both AIderwood series), one with Douglas-fir and one with red alder forest cover in western Washington were studied. We hypothesized that sulfate and phosphate retention in the four forest soils would be related to Fe and AI oxide content, which in tum would be related to soil parent material and degree of weathering. This hypothesis was not supported by results of soil Fe and AI hydrous oxide analyses, adsorption isotherm determinations, or applications of sulfate and phosphate as Na+ salts to laboratory columns and field plots. The Washington Inceptisols (especially the red alder site) adsorbed more sulfate and phosphate than the Tennessee Ultisols. Apparently, this was due to greater amorphous hydrous Fe and AI oxide contents in the former. Hydrous Fe and AI oxides in the Tennessee subsoils appeared to be more crystalline. Consequently, they were less able to adsorb sulfate and phosphate.
A second hypothesis that NO)" retention was governed by biological processes was supported by laboratory and field results of NaN0 3 application. No soil retained NO)" in laboratory studies where forest floor and trees were excluded, but most of the applied NO)" was retained in B horizons of all but the N-rich red alder soil, suggesting tree uptake as a major cause of NO)" immobilization in the ecosystem.
The third hypothesis stated that manipulations causing solution pH to rise would increase leaching of bicarbonate and adsorbed anions (and vice versa) and that inputs of mobile anions like chloride would lower solution pH and cause net anion retention. This hypothesis was supported by applications of HCI, NaCl, and eaCh (compared to H 2 0 only) to soil columns. Chloride applications lowered solution pH and reduced the leaching bicarbonate and sulfate with the order of effectiveness being HCI > CaCh > NaCI for a given chloride concentration.
